Abstract
I. Introduction
Impacts which aries at the contact of two bodies are inevitable in a transition from an unconstrained to constrained motion. They give rise to force impulses which can easily destabilize the system, and researchers have proposed various approaches that can be classified into two veins. Firstly, pre-processing methods that prepare the impact in ahead have been suggested. An [1] attached a passive compliant material at the end of a link for the reduction of the impulse. Walker [2] and Kim [3] utilized the redundancy of a manipulator to reduce the effects of the impulse. Some researchers [4] used various sensors to decrease the initial contact velocity in ahead.
Secondly, post-processing methods that deal with the impact directly have been proposed. Those are impedance controller [5, 6] , damping controller [7] [8] [9] [10] , external force controller [11] , PI force controller with velocity feedback [12] , nonlinear PD controller [13] , end point controller [14] , event based controller [15] , jump impact controller [16] , input command preshaping controller [17] and so on.
However, note that these methods do not cover all impact problems, and there is an issue that both the pre and post processing methods cannot fully deal with. It is a hard contact induced by impacts of two rigid bodies with a high velocity. The hard contact consists of three parts as shown in Fig. 1 : pre-transition phase, transition phase, and steady state. A distinct difference of the hard contact over the conventional one is the pre-transition phase. During the phase, a series of force peaks occur and there aries transitions rapidly between unconstrained and constrained dynamics.
The robot is apt to be destabilized during the pre-transition phase, and thus the pre-processing methods have been used so that the impact is initiated from the transition phase. Of course, it is good to avoid the pre-transition phase. However, there is some applications that the pre-transition phase is inevitable such as the hammering which needs high force peaks. Also, there could be an unavoidable hard contact. For example, if a force control must be finished within a very short time, then the initial contact speed should be increased and a hard contact occurs. This paper addresses control methods for the pre-transition phase. The main objective is to keep the stability because the force peaks easily destabilize the system. Other objectives are to reduce succeeding force peaks but the inevitable initial one and to shorten the duration of the pre-transition phase.
For these purposes, we propose two pre-transition phase control methods for the hard contact. The first one is a software approach named "suppression controller". The suppression controller suppresses position rebounds in-between the impacts in a way that dissipates impact energy to reduce the succeeding force peaks and the duration of the pre-transition phase.
The second one is a hardware and software mixed approach. The hardware is a "flexible-damped joint" which is designed to increase the damping ability that absorbs the impact energy. The software is a "joint damping controller" which enhances the damping ability of the flexible-damped joint while maintaining the stability.
The main advantage of these methods is a guaranteed stability and thus the methods can be used even for an unexpected hard contact. Moreover, the proposed methods reduce the succeeding force peaks, and shorten the duration of the pre-transition phase. Their performances are validated via several comparative experiments. This paper is organized as follows: Section II describes the first method, the suppression controller. The second approach, the flexible-damped joint with the joint damping controller, is developed in Section III. Then, conclusion follows.
II. Suppression controller
In this section, we describe a suppression controller whose main advantage is the ensured stability. The suppression controller also reduces the succeeding force peaks, and it shortens the duration time. Moreover, the suppression controller has a robust characteristic in the sense that the controller shows a good performance regardless of initial condition, impact environment, etc, as will be shown later. Figure 2 shows a photo of an 1-DOF rigid joint robot named "POSTECH DD-ARM I". It uses a direct drive motor as an actuator, and a load cell as a force sensor. The motor and a link are connected by a rigid joint. Its schematic diagrams and dynamic equations are given in Fig. 3 .
System description
The system is neither the linear spring mass-damper nor the rotary system. It is a rotary system interacting with a linear spring damper part during the contact state and a rotary system during the not-contact state. The contact equation is derived as follows.
Let us denote J ml , q ml , L, τ in , K es , B es , O as inertia, joint angle, link length, control torque input, stiffness coefficient, damping coefficient, and the center of rotation as shown in Fig. 4 .
Forces are exerted at the end of the link by K es , B es as,
Here, torques at the center of rotation (O) should be sum up to zero and thus,
A combination of Eq. (2) with Eq.(1) gives rise to
which is the contact equation.
The non-contact equation (Fig. 3(b) ) can be simply acquired as
Here, subscripts 'm','l','e' and 's' denote motor, link, environment and sensor. Similarly, the subscript 'es' means the combined effect of the environment and the sensor. Through this paper, the time variable t in q(t) will be omitted for simplicity.
The suppression controller
Let us assume a hard contact whose desired steady state force is Fig. 5(a) . The rebounds should be carefully treated to decrease the succeeding force peaks, and to shorten the duration time.
The suppression controller suppresses the rebounds by exerting a maximum control input(τ max ) during t ∈
[t a , t s ) (Fig. 6) , and τ d for t ∈ [t s , t c ) (Fig. 6 ). The τ max dissipates impact energy to suppress the rebound. The τ max also reduces the succeeding force peaks, and shortens the duration time. There are two necessary conditions in selecting the switching time t s . The first one is that the effect of the τ max should not affect duringq ≥ 0(t ∈ [t b , t c )), so that it does not increase the recontact velocity. The second one is that τ max has to be exerted during the longest time to absorb as much impact energy as possible.
The time t s which satisfies above two conditions cannot be directly derived. However, t s can be detected by measuring the velocity as in the following. The first condition set t s as a time that is ahead of t b . Let us define δt as a period when τ d is exerted before the time ofq
The second condition means that the δt should be set as short as possible. The shortest δt is ∆T which is a sampling time of the system. By setting δt = ∆T in Eq. (5), the velocity at t s can be acquired as follows:
Let us denoteq ml (t s ) as a threshold velocityq th . Then, t s can be detected by measuring the velocity that satisfiesq ml (t) =q th . Then, the suppression controller is given as Eq. (7) with its illustration in Fig. 5 .
where F m is a measured force. Here, F m = 0 denotes the non-contact period and F m > 0 means the contact period.
Stability of the suppression controller
The stability of the suppression controller is proven by showing that the state of the system is stably converted from the pre-transition to the constrained phase.
Time notations are shown in Fig. 7 . In this figure, t i,k and t f,k denote an initial and a final contact time for a k-th contact. We define a contact period as t ∈ [t i,k , t f,k ) and a non-contact period as t ∈ [t f,k , t i,k+1 ).
Lemma 1 If the system described in Eqs. (3, 4) is controlled by the suppression controller, then |q ml 
where γ is a positive constant taking either τ max or τ d .
A derivative of Eq. (8) iṡ
which is negative definite except at the equilibrium point. Thus
Lemma 2 If the system described in Eqs. (3, 4) is controlled by the suppression controller, then |q
Proof: Two types of control actions can be applied during the non-contact period. The first one is a case in
). In this case
because there is no damping term in the non-contact dynamic equation (Eq. (4)).
The second one is a case in which the suppressing action is applied. The switching time is acquired using a boundary conditionq ml (t s ) = −q th as follows:
The position at the switching time can be acquired as in Eq. (12) by using an initial condition q ml (t f,k ) = 0 and Eq. (11) .
The position at t i,k+1 is calculated by using Eq. (12) as follows:
A boundary condition of the position at time t i,k+1 is q ml (t i,k+1 ) = 0. By using the boundary condition and
By using Eq. (14) , it can be shown thaṫ
Eqs. (10, 16) The energy equation of the system during the contact period can be written as
dt is a positive constant for t = t α . Therefore if the system loses its contact, then the initial contact velocity is higher than a certain positive value. I
Theorem 2 The state of the system described in Eqs. (3, 4) is stably converted from the pre-transition to the constrained phase by the suppression controller.
Proof: The absolute impact velocity at k-th contact(|q ml (t i,k )|) decreases as k increases(theorem 1). Once |q ml (t i,k )| becomes equal or less than a certain positive value, then the robot will keep its contact by lemma 3.
Therefore, the state is stably converted from the pre-transition to constrained phase by the suppression controller. 
The effect of τ max
The term τ max in Eq. (7) should be set so that the suppression controller maintains the stability, reduces the succeeding force peaks and shortens the duration of the pre-transition phase. This subsection shows that a higher τ max results in better performance by inspecting the following three facts.
First, the stability of the system can be ensured if
τmax < 1. Thus higher τ max does not affect the stability. Second, the higher τ max reduces the absolute value of the recontact velocity as shown in Eq. (14) which, in return, decreases the succeeding force peaks. Third, the higher τ max shortens t s as in Eq. (11), and thus it reduces the duration of the pre-transition phase.
Therefore, τ max needs to be set as the maximum torque of an actuator.
Comparative experiments
To validate the performance of the suppression controller, comparative experiments are conducted using three controllers. They are the joint torque controller (JTC) [14] , the PI force controller with velocity feedback (PIVF) [12] , and the suppression controller (SUP). Control laws of the JTC and the PIVF for the 1-DOF rigid joint robot are as follows:
• Joint torque controller
• PI force controller with velocity feedback
Here Note that the SUP is always stable while the stability of other controllers depends on their gains. Therefore, we can say that the objectives of the hard contact (keep stability, reduce succeeding force peaks, and shorten the duration of the pre-transition phase) are satisfied.
Some additional experiments are conducted to show a robust characteristic of the suppression controller. The suppression controller is robust because once τ max is set as the highest control input, then the controller shows the same maximum performance regardless of initial condition, impact environment, etc. To show this robustness, the suppression controller is applied to an impact on the rubber and to a hard contact on the steel as shown in Fig. 9 . In the impact on the rubber (Fig. 9(a) ), the suppression controller did not exert τ max because there was no position rebound. However, the suppression controller applied τ max during the position rebound in the hard contact( Fig. 9(b) ).
In the other controllers, however, this robust characteristic cannot be observed. For example, if controller gains of the PI force controller are tuned for the impact on the rubber (Fig. 10(a) ), these will not be adequate for the hard contact (Fig. 10(b) ). Thus the PI force controller is not robust under the same controller gains.
One remark is that the force error does not converge to zero in the suppression controller ( Fig. 11(a) ) while that of the PI force controller do (Fig. 11(b) ). This is natural because the suppression controller only considers the pre-transition phase and exerts a constant input during the steady state. Thus, for the practical implementation, we recommend a switching controller which uses the suppression and the PI force controller for the pre-transition and steady state, respectively. 
Discussion
At a first glance, the suppression controller (SC in short) looks similar to the posi-cast controller [18, 19] (PC in short) because both the SC and the PC generate bilateral control inputs to regulate a position or force (Fig. 12) .
Thus, these two methods are similar in the aspects that the control input is in a bilateral form and that both are used for regulation tasks. However, they are totally different methods though the final forms are similar because of both controller's simplicity. The reasons of the difference are given in the following paragraphs.
Their objectives are different
• The objective of the PC is to reduce an overshot in position. • keep stability
• reduce succeeding force peaks
• shorten the duration of the pretransition phase
Characteristics of the system
• lightly damped flexible system
• fixed dynamic system
• open-loop
• position control
• hard and stiff system
• mutually exchanging dynamic system
• closed loop
• force control Basic scheme
• exert two step input
• pre-processing
• dissipate impact energy
• inevitable hard contacts
• The objectives of the SC are to keep stability, to reduce succeeding force peaks, and to shorten the duration of the pre-transition phase.
The characteristics of the system are different
• [system] The PC is mainly used for a lightly damped flexible system, while the SC is applied for a hard and stiff system.
• [dynamics] The PC is used for a fixed dynamic system, while the SC is applied for a mutually exchanged system between unconstrained and constrained state.
• [loop] The PC is an open-loop controller, while the SC is a closed-loop method.
• [goal] The goal of the PC is the position, while that of the SC is the force.
Basic scheme of problem solving
• The basic scheme of the PC is to exert a two step input while that of the SC is to dissipate impact energy.
• The basic scheme of the PC is to prevent an overshot in ahead (i.e. pre-processing), while that of the SC is to suppress an overshot already initiated (i.e. post-processing).
Application
• The PC is used to reduce the overshot in position.
• The SC is used for the hammering or inevitable hard contacts.
These reasons are summarized in table 2, and we believe that the PC and the SC are totally different controllers even though the final control inputs look similar because of their simplicity. 
III. Flexible-damped joint and joint damping controller
The software approach explained in the previous section increases the performance of a robot with a rigid joint.
But, the performance can be enhanced if one uses a robot with a joint specially designed for the hard contact.
As it is well known by the series elastic actuator [20] [21] [22] [23] [24] [25] , the flexibility has several advantages in the force control such as shock tolerance, lower reflected inertia, more accurate and stable force control, less damage to the environment, and energy storage. However, applications of the series elastic actuator are bio-mimetic walking robot [21] , exoskeleton for walking [24] , etc, whose force plots are similar to those of the transition phase. In other words, the force spikes of the applications are not sharp enough to be classified as the pre-transition phase.
Note that the critical factor in the pre-transition phase is the impact energy induced by a contact between two rigid bodies with a high velocity. Thus, for the pre-transition phase control, it is necessary to dissipate the energy, and thus a damper should be embedded in the hardware.
To take advantages of the flexibility and the damper, we designed a joint with a spring and a viscous damper between the actuator and the link and named it as "flexible-damped joint". Furthermore, we suggest a novel controller specially designed for the flexible-damped joint. The design philosophy of the controller is to increase the damping effect during the pre-transition phase, and we call it "joint damping controller".
The flexible-damped joint
Damping is a crucial factor in the impact since it absorbs the impact energy. Robotics researchers have reported the important role of the damping as in the following. Surdilovic [26] reported that the target damping ratio is the Figure 14 : Schematic diagrams of the flexible-damped joint robot for (a) the contact case and (b) the non-contact case.
most important factor for the stability on the impedance control. Volpe [6] proved that the target damping ratio is a critical factor in the explicit force control with feedforward force. Marth [27] presented that for a bounceless landing, an initial contact velocity and the damping coefficient are important terms, and Qian [28] analyzed the effect of damping coefficient on stability.
To increase the damping, robotics researchers have proposed various hardware damping methods. An [1] suggested a passive compliance covering. This method, however, cannot accurately estimate end tip position.
Oh [29] developed a passive damper initiated by the solenoid valve. But the passive damper cannot be isolated from the ground and has a complex structure. Thus, it is not easy to utilize the passive damper for a multi-DOF robot.
A new joint type named "flexible-damped joint" is developed which overcomes the above stated limitations.
This joint consists of 4 springs and passive damper as shown in Fig. 13 . The damper dissipates the impact energy and the spring transfers the steady-state force. The spring also stores the impact energy for the case in which the impact energy is higher than a damper's absorption capacity, so that the damper can dissipate the stored impact energy later.
For implementation, the flexible-damped joint is inserted between a motor and a link of an 1-DOF robot.
This robot is denoted as a flexible-damped joint robot, and its schematic diagrams are shown in Fig. 14(a,b) . Its dynamic equations are as follows:
• Contact dynamic equations: Fig. 14(a) 
• Non-contact dynamic equations: Fig. 14 (b) is a hard contact of a rigid joint robot, and the second test is that of the flexible-damped joint robot as shown in Fig. 15 . The force response is erratic in the rigid joint robot. In contrast, the force response of the flexible-damped joint robot is stable since the hardware damping has absorbed the impact energy.
The joint damping controller
The hardware damping ability of the flexible-damped joint can be enhanced by using a software, i .e. controller. We designed the joint damping controller for that purpose. The basic idea of this controller is to exert constant control inputs in the opposite direction of the motor as shown in Fig. 16 . These control inputs stretch or press the damper of the joint, and thus increase the damping ability.
The joint damping controller can be summarized as in the following.
where τ 1 , τ 2 are positive constant control inputs with a constraint τ 1 > τ 2 . Here, the constraint is needed to ensure the recontact with environment. To investigate the physical insight of the joint damping controller, Eq. (24) is divided into Eqs. (25, 26) .
where sgn(q) denotes the sign ofq.
Eq. (25) is used when the velocity directions of the motor and the link are the same. Control inputs, for this case, are shown in Fig. 17 . As shown in the figure, the control inputs are exerted in a way that increases the damping effect (B j ). In Fig. 17(a) , the directions are positive and the control input is negative. In this case, the control input stretches the damper. If the directions are negative as in Fig. 17(b) , the positive control input will shrink the damper.
If the velocity directions are different, Eq. (26) is used. The system has a non-collocated dynamics and a usage of Eq. (25) , in this case, will induce divergence. Thus, the different directions should be set to the same, and
Eq. (26) is applied for that purpose (Fig. 18) . Once the directions are aligned, Eq. (25) is applied again to increase the damping effect.
Stability of the joint damping controller
Theorem 3 The switching system, Eqs. (22, 23) , controlled by the joint damping controller is stable in the sense of Lyapunov.
Proof:
The multiple Lyapunov function analysis [30] is adopted for the proof. Two Lyapunov functions V c and V nc , for the contact and non-contact period, are suggested as follows:
These two Lyapunov functions are positive definite except at their equilibrium points. By differentiating both, Eqs. (29, 30) 
where η is a positive constant taking either τ 1 or τ 2 .
Here, Eqs. (29, 30) are both negative semi-definite which are Lyapunov-like by the Definition 2.2 in [30] . Therefore the system is stable in the sense of Lyapunov by the Theorem 2.3 in [30] . I
Comparative experiments
To see the performance of the proposed hardware and software, two set of comparative experiments were As can be seen in the first set of experiments (Fig. 19, Fig. 20 , and table 3), it is evident that the duration time of the flexible-damped joint is highly reduced. The time is decreased by 51% and 45% for the JTC and the PIVF, because the damping in the joint dissipated the impact energy. However, the succeeding force peaks are still sharp in this hardware based approach, and this problem is solved by the software (the JDC).
The second set of experiments ( Fig. 21 and table 4) shows that the average of the succeeding force peaks of the JDC is reduced by 45% and 77% than that of the JTC and the PIVF. Also, note that the maximum force peak of the JDC (Fig. 21(h) ) is decreased by 74% and 76% than that of the JTC and the PIVF. In summary, the flexible-damped joint (hardware) shortens the duration time of the pre-transition phase, and the joint damping controller (software) reduces the succeeding force peaks. Note that the JDC is always stable while the stability of other controllers depends on their gains. Therefore, we can say that the objectives for the hard contact (keep stability, reduce succeeding force peaks, and shorten the duration of the pre-transition phase)
are satisfied.
Two remarks should be made. First, for the hard contact, the joint damping controller with the flexible-damped joint is superior than the suppression controller with the rigid joint as can be seen in table 5. Thus, if a robot only for the hard contact is in a designing stage, it is good to use the flexible-damped joint, and if a rigid joint robot (which is conventional) is to be used for a hard contact, the suppression controller is recommended. Second, the proposed approaches are only good for a robot with a bandwidth at least on the order of the sampling frequency.
Thus, a robot with a direct drive motor can use the proposed controller while a robot with gear-head cannot. 
IV. Conclusion
In the pre-transition phase of the hard contact, it is important to maintain stability, to reduce the succeeding force peaks and to shorten the duration time. Two control methods were proposed for these purposes.
The first approach is a software approach named "suppression controller". It suppresses the position rebound during the pre-transition phase. This controller shows enhanced performance over other conventional impact controllers with the ensured stability. Moreover, the suppression controller is robust in the sense that the performance is not affected by initial condition, impact environment, etc.
The second method is a hardware and software mixed approach. The hardware is a "flexible-damped joint"
which is designed to increase the damping ability. Furthermore, a software named "joint damping controller" is developed to increase the damping ability of the flexible-damped joint. The stability of this approach is proven and its performance is shown via comparative experiments.
